The 5' context of 671 Escherlchla coll stop codons UGA and UAA has been compared with the context of stoplike codons (UAC, UAU and CAA for UAA; UGG, UGC, UGU and CGA for UGA). We have observed highly significant deviations from the expected nucleotlde distribution: adenlne Is over-represented whereas pyrlmldines are under-represented In position -2 upstream from UAA. Uridlne Is over-represented in position -3 upstream from UGA. Lyslne codons are preferable Immediately prior to UAA. A complete set of codons for serine and the phenylalanine UUC codon are preferable Immediately 5' to UGA. This non-random codon distribution before stop codons could be considered as a molecular device for modulation of translation termination. We have found that certain fragment of E.coll release factor 2 (RF2) (amino acids 93-114) is similar to the amino acid sequences of seryl-tRNA synthetase (positions 10-19 and 80-93) and of /9 (small) subunit (positions 72-94) of phenylalanyl-tRNA synthetase from E. coll. Threedimensional structure of E.coll seryl-tRNA synthetase is known [1]: its N-terminus represents an antiparallel a-helical colled-coil domain and contains a region homologous to RF2. On the basis of the abovementioned results we assume that a specific Interaction between RF2 and the last peptidyl-tRNA Ser/Pha occurs during polypeptlde chain termination in prokaryotic rlbosomes.
INTRODUCTION
Three stop codons in mRNA are known to be involved in polypeptide chain termination in ribosomes: UAA, UGA and UAG. In E.coli the termination is catalyzed by two proteins, called peptide chain release factors (RFs). RF1 determines the termination on UAA and UAG stop codons, RF2-on UAA and UGA stop codons (for review see [2, 3] ). It is known, that nucleotides surrounding the stop and the sense codons influence the efficiency of nonsense [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] or missense [ 14] suppression respectively. Experimental observations point to the effect of nucleotides 3' to the stop codon on nonsense suppression [7] [8] [9] [11] [12] [13] . On the other hand, 5'-side context of the stop codons is also important for nonsense suppression [7, 10, 15, 16] . These context-dependent effects can be explained either by influence on the termination process [17] or/and on the efficiency of tRNA suppressors [18] .
The statistical approach could be useful in evaluation of the context of an efficient stop codon. The statistical analysis of the stop-codon context for prokaryotic [19] [20] [21] and eukaryotic [19, 22] genes has been already done. The most representative analysis of the sequences around the stop codons of 862 E. coli genes has been performed [21] . In particular, a strong preference for cytosine has been revealed in position -1 upstream from UGA. In the same work, Phe and Ser codons and a single Ala codon (GCQ have been shown to be preferable immediately prior to UGA. Similarly, highly significant deviation for positions 2 and 3 of the last sense codon upstream from UAA stop codon has been observed. Lys, Gin, Glu (GAG), Gly (GGG) and Arg were preferable immediately prior to UAA. Contrary to that, codons for Thr or branched nonpolar amino acids were underrepresented. In this work [21] the expected frequencies for nucleotide positions were taken from the G+C content of E.coli DNA or from the frequencies of each of the four nucleotides at a set of positions. In the other work [19] , the Chi squared (x 2 ) for each position was calculated with the null hypothesis of a G:A:C:U distribution of 1:1:1:1. Then, nucleotide distribution around the stop codons was compared with that around the next in frame stop codons downstream from the natural ones. The expected values for codons were taken from the average codon usage of E.coli [20, 21] .
In this work, we have analyzed the sense codon positions immediately upstream from the UAA and UGA natural stop codons in comparison with the same positions 5' to the UAAor UGA-like codons, namely: UAC, UAU and CAA for UAA; UGG, UGC, UGU and CGA for UGA. Distribution of codons immediately prior to the UAA and UGA was compared with that of codons immediately upstream from the UAA-and UGA-like codons. We consider only those context features as related to termination, which are specific for the given stop codon as compared with that of the whole set of the respective stop-like codons. We suppose that this is more accurate and reliable way to evaluate stop codon-specific 5'-side context, because this approach enables to eliminate features, specific to the codon type and nonessential for peptide chain termination.
By this refined statistical treatment we have shown that the Lys codons but not the others are preferable immediately prior to the UAA stop codon and only Phe and Ser codons are preferable before the UGA stop codon. This observation prompted us to compare the primary structures of E.coli RFs with homologous aminoacyl-tRNA synthetases. It appeared that although no significant similarity was found between E.coli RF1 and all aminoacyl-tRNA synthetases, a significant similarity was revealed between certain amino acid sequences of Ser-and PhetRNA synthetases and the N-terminal domain of E.coli RF2.
Taken together, the data obtained in this study indicate that termination of translation in E. coli could be modulated by specific interaction between RF2 and peptidyl-tRNA Phc/Sei . Moreover, the data point to the assumption that the difference between RF1 and RF2 in termination of translation in bacteria might be extended beyond the recognition of the distinct stop codons.
METHODS

Software
All programs used during this work have been written in FORTRAN 77 and were run on a MicroVax system under VMS 4.7.
Codon context database E.coli sequences were taken from GeneBank, release 65. Then coding DNA sequences (CDS) were extracted according to CDS specification. For the duplicate sequences only one of them was further considered. After database editing 712 sequences remained for analysis. The total number of codons was 251136.
Stop-like codons
Which triplets did we consider to be stop codon-like? The main criterion is a chemical similarity with the stop codons. CAA is chemically the most closely related to UAA and UGG, CGAto UGA if any single purine-purine or pyrimidine-pyrimidine substitution is allowed. The second criterion is related to the rule for codon reading ('two out of three') [23] . It has been suggested, that only two first codon nucleotides are important for codonanticodon interaction. For instance, under the conditions of in vitro polypeptide synthesis, the tRNA Val anticodons U*AC, GAC and IAC each can recognize all four Val codons [24] . Moreover, it is known that wild-type tRNA Tr P from E.coli can read UGA codons in vitro [25] . Therefore, it is likely, that wildtype tRNA 0 ** and tRNA 1^ are able to read UGA and UAA, respectively. On the other hand, the codon context effect, influencing the efficiency of missense suppression, does exist, demonstrating that codon context could affect polypeptide elongation [ 14] . It would be plausible to suggest, that the natural codon context usually promotes the elongation step and, therefore, the context of UG(G/U/C) codons or that of UA(CAJ) codons can promote die polypeptide chain elongation at these codons. We expect, that the context of UAA and UGA stop codons has to be altered versus that of UA(C/U) and UG(G/U/C), respectively; it should help to prevent the suppression of the stop codons by tRNAs due to 'two out of three' reading. For example, we consider, that any nucleotides (or any codons) preferable immediately prior to UAA as compared with that immediately 5' to UA(C/U) codons for Tyr are needed to interfere wim the reading of UAA by tRNA 7^. It means, that the preferable nucleotides or codons upstream from UAA interfere with the elongation of the set of UAN codons (N is any nucleotide). On the contrary, any nucleotides (or any codons), which are underrepresented immediately 5' to UAA versus that immediately prior to UA(CAJ) codons for Tyr, could promote the UAA readtrough (in general, these under-represented nucleotides or codons could promote the elongation of UAN codons). Therefore, the comparison of UAA and UA(C/U) contexts as well as UGA and UG(G/C/U) contexts should help to identify the context features, preventing the suppression of UAA and UGA stop codons.
Statistical analysis of the 5-codon context
The expected (Exp) nucleotide frequencies were calculated for each codon position from the database sequences and for each position of the codons adjacent to any stop-like codons. The expected codon frequencies were computed from the average codon usage of 712 genes in the database and from the distribution of codons immediately prior to the stop-like codons. For each nucleotide or codon in certain position x 2 was calculated according to the formula: (Obs-Exp^/Exp, where Obs = observed frequency for nucleotides or codons. For each nucleotide position or codon x 2 was calculated separately. The X 2 values were estimated with one degree of freedom. The sum of all four x 2 for each nucleotide position gives a value of total deviation for the given position with three degrees of freedom. As a rule, the significance level was P < 0.01. The x 2 was not calculated if the expected value was ^ 2.
Search for homologies
Amino acid sequences of E.coli aminoacyl-tRNA synthetases and RF1 and RF2 were taken from SWISS bank, release 21. Homology search was performed on IBM PC/AT using Beckman software (Microgenie, version 6.0). For analysis of protein similarity, modified Dayhoff classification of amino acids was used [26] .
RESULTS
Nucleotide distribution in the three positions upstream from UAA and UGA stop codons
The preference for purines and the paucity of C in position -1 upstream from UAA can be seen in Table 1 ,A. In the same position, the preference for purines and the paucity of pyrimidines upstream from CAA can be also seen in diis Table. The preference of A and the paucity of pyrimidines in position -2 upstream from UAA is also visualized (Table 1, A). The expected frequency values for the occurrence of nucleotides in the certain positions presented in Table 1 were taken from the nucleotide distribution in the same positions of the database codons. The data, presented in Table 2 , show the unique sequence feature, that distinguishes the 5'context of the UAA stop codon from that of any respective UAA-like codons: the preference for A and the paucity of pyrimidines in position -2 upstream from UAA.
In Table 1 ,B very high C content in position -1 upstream from UGA, UGG, UGC and UGU codons can be seen. Moreover, AGA and GGA codons, that differ from UGA only by a single The observed frequencies (Obs), the expected frequencies (Exp) and x 2 values are present for amino acids and their codons. The expected values were taken from the codon distribution immediately prior to the respective stop-like codons. A significant increase in the positions before stop-codons is bold-typed, a decrease-in italics (significance level-P < 0.01).
•The expected values were calculated from the average codon usage in the database, they are essentially the same as in the ref. [27] . **P<0.02 nucleotide, have the high C content in the same position as well (data not shown). C-content in this position for AGA and for GGA codons is significantly (P < 0.01) higher, than expected from the complete database, and for AGA it is statistically similar to that of UGA. For UGA, only a single feature can be visualized: a significant preference for U in the upstream position -3 ( Table 2) .
Non-randomness in the codon usage 5' to UAA and UGA stop codons After analysis of the codon and amino acid distribution immediately upstream from UAA, we have noticed, that the Lys codons, but not the others, occur more frequently, than expected from the whole set of the UAA-like codons and from the average codon usage in E.coli (Table 3,A) . Contrary to that, the sets of codons for Thr and Pro are under-represented (Table 3,B) . Immediately prior to UGA, we have found preference for a complete set of codons for Ser and Phe (Table 3,C). In contrast, the codon set for Thr is under-represented with significance level P 0.05 in comparison with the set of Thr codons immediately upstream from any of the UGA-like codons. All UGA and some UGA-like codons (UGG, UGC, UGU; AGA and GGA) have significantly higher occurrence of GCC (codon for Ala) in the 5' neighbor position than expected on the basis of the average codon usage in E.coli (data not shown). Moreover, we have found, that there is no significant variation of GCC frequency in the sense codon position 5' to UGA versus the expected values from all the UGA-like codons (including AGA and GGA), except CGA (data not shown).
Amino-acid sequence similarities between E.coli RF2 and aminoacyl-tRNA synthetases As shown in Section 2, the last peptidyl-tRNA prior to the UAA termination codon is preferentially tRNA 1 -^ whereas for the UGA stop codon it is either tRNA"* or tRNA
Ser . This observation may point to the specific interaction between peptidyltRNA 1 -* 5 and RF1 and peptidyl-tRNA L >'
x/Phe « er and RF2. If in fact RF1 and RF2 are able to distinguish certain tRNA species from the remaining part one may assume that RFs may use the molecular mechanisms for tRNA discrimination similar to those used by aminoacyl-tRNA synthetases to select cognate tRNAs among the whole tRNA population. If this assumption is correct then one may expect to find structural similarities between RFs and certain aminoacyl-tRNA synthetases, in particular between RF1 and Lys-tRNA synthetase and between RF2 and Phe-, Serand Lys-tRNA synthetases.
We have been able to find homologous regions in E.coli Pheand Ser-tRNA synthetases and in E.coli RF2 (Table 4) . However, we failed to find any homology between each of the two E. coli Lys-tRNA synthetases and RF1. Three-dimensional structure of E.coli Ser-tRNA synthetase is known [1] . One of the Ser-tRNA synthetase regions homologous to RF2 is the part of the H4 a-helix of Ser-tRNA synthetase (positions 80-93) (Fig.l) . The second region homologous to RF2 occupies positions 10-19 of Ser-tRNA synthetase, (Table 4) and is located in the a-helix, designated H2 (Fig.l) . Interestingly, the Ser-tRNA synthetase, the /3-subunit of Phe-tRNA synthetase and the RF2 exhibit one common homology region (Table 4 ). In addition, less significant similarities between E.coli Lys-and Gly-tRNA synthetases and the same region of RF2 were revealed (Table 4) .
DISCUSSION
In the present work only the 5' contexts of the stop-like codons and not the whole set of sense codons were considered to be expected for the 5' context analysis of UAA and UGA termination codons. This approach enables us to focus on those context features that are specific for the immediate 5' context of the UAA and UGA stop codons. Using this 'non-random' statistical analysis we visualized the following features of the stop-codon 5' context: 1) the preference for A and the paucity of pyrimidines in position -2 upstream from UAA; 2) the preference for U in position -3 upstream from UGA; 3) the preference for Lys codons immediately upstream from UAA and 4) the preference for Phe and Ser codons before UGA. Conclusions 1,2 remained the same irrespective of whether the expected frequencies for nucleotide positions were taken from the G+C content of the E.coli DNA or from the frequencies for each of the four nucleotides at various positions [21] . Similarly, features 3,4 were visualized when the expected values for codons were taken from the average codon usage of E.coli [20, 21] . Since our 'non-random' statistical analysis is consistent to what has been done by others [20, 21] by general statistical analysis, comparison of the data obtained earlier and those presented here enables to distinguish between stop codon specific and general 5' contexts. For example, it was noticed earlier that C is over-represented in position -1 upstream from the UGA stop codon [21] . From our data it follows that this preference is also well manifested prior to UGA-like codons (UGG, UGC, UGU, as well as AGA and GGA). Shpaer [29] has found higher frequencies for C in the position -1 upstream from UGG, which belongs to the set of codons of highly expressed E. coli genes. From all these data we assume, that 'high C in the position -1 upstream from UGA is not correlated with termination on UGA codon.
We have confirmed earlier data [21] , that codons for Gin, Arg, Glu (GAG) and Gly (GGG) are preferable while codons for lie and Val are under-represented immediately upstream from UAA, than expected from the average codon usage in E. coli (data not shown). However, we have found, that all the codons had essentially the same occurrences immediately prior to some of the UAA-like triplets. For example, the frequencies for Gin codons CAA and CAG and for Glu codon GAG upstream from UAA were statistically similar with die frequencies before CAA; De codons 5' to UAA exhibited the distribution similar to that upstream from CAA; Val codons 5' to UAA exhibited the distribution, similar to that of all die UAA-like codons (data not shown). The preference or the paucity of these codons may be the feature of certain codon types rather than adaptation for me peptide chain termination.
We have confirmed the strong preference of GCC immediately prior to UGA [20, 21] . However, our results have shown that high occurrence of GCC 5' to UGA is not unique: similar statistically significant deviation was observed 5' to UGG, UGC, UGU, AGA and GGA codons. Therefore, the high occurrence of the 5' neighbor GCC is the property of different UGA-like codons not solely of the UGA stop codon. This conclusion is also supported by the finding of elevated frequencies of eight GCC-NGN codon pairs in E.coli CDSs (N stands for any nucleotide) [20, 30] .
The preference, revealed earlier [21] and in this work for Lys codons upstream from UAA and for Phe and Ser codons 5' to UGA requires an explanation. The local non-randomness in the coding region upstream from the stop codons could reflect an interaction of the last peptidyl-tRNA with RFs or the spatial mRNA structure, promoting the termination. It has been proposed [21] , that the amino acids whose codons are preferable 5' to UAA, particularly Lys, could increase the stability of the mature polypeptide. Nevertheless, if the C-terminal Lys is important for the stability of the protein, it remains to explain the nonpreference of Lys codons 5' to the other termination codon UGA. Moreover, we have shown the preference only for Phe and Ser codons upstream from UGA. These amino acids are chemically dissimilar with Lys. Alternatively, we suppose, that the high occurrence of Lys codons 5' to UAA and Phe/Ser codons upstream from UGA could rather be associated with the difference in the termination mechanism and/or with the antisuppression adaptation either on UAA or on UGA stop codons.
We have found very few amino acids, whose codons are preferable before the stop codons (Table 3 ). Therefore, it should be plausible to suggest, that certain few codons immediately prior to stop codons could modulate the termination process. It is reasonable to assume, that the last sense codon in the ribosome P-site still interacts with the anticodon of the last peptidyl-tRNA before the termination occurs. If it is the case, the 5 '-context effect on the efficiency of the termination could depend on the last peptidyl-tRNA-last sense codon-ribosome complex. Furthermore, we could assume, that RF1 and RF2 are able to recognize the last peptidyl-tRNA 1 -^ and the last peptidyl-(jyvj^Lys/Phe/ser respectively. This specific interaction could modulate (probably accelerate) the hydrolysis of the last peptidyltRNA (the other peptidyl-tRNAs could interact with RFs nonspecifically). Obviously, the recognition of the last peptidyltRNA L y» /Phe/Ser by RFs may proceed through interaction with peptidyl or tRNA moieties. Since peptidyl parts are highly variable, it looks highly doubtful that peptidyl part contributes to the recognition process. Moreover, the chemical diversity of C-terminal Phe, Ser and Lys makes highly unlikely participation of these amino acids in recognition by RF2, involved in termination on both the UAA and UGA codons. On the other hand, all tRNAs are specifically recognizable by their cognate aminoacyl-tRNA synthetases [31] . Therefore, one may assume, that similar mechanisms may be used to discriminate tRNA 1 -ô r tRNA"* 73 " in the population of tRNA molecules by both cognate aminoacyl-tRNA synthetases and RFs. This assumption was verified by searching for homologies in primary structures of RFs and aminoacyl-tRNA synthetases from E.coli. As shown in Table 4 , such a homology has been found indeed. The homology between Ser-and Phe-tRNA synthetases of E.coli has been already noticed [32] , but with RF2. It is interesting, that residues Leu82-Glu83 of the homologous region of E.coli PhetRNA synthetase are conserved in all the other known /3-subunits of bacterial Phe-tRNA synthetases from B.subtilis and T.thermophilus [33] .
Analysis of the secondary structure for E.coli Phe-tRNA synthetase [32] using Chou and Fasman procedure [34] and for E.coli RF2 [35] using two different methods [34, 36] predicts with the high degree of probability that the regions similar in these two proteins are a-helical. On the other hand, the region of SertRNA synthetase (positions 80-93), homologous to RF2 and to Phe-tRNA synthetase, is the part of a-helical N-terminal domain (Fig. 1) . Therefore, it seems plausible that all three regions of homology in amino acid sequences share also the similarity at the level of secondary structure (a-helices). Moreover, it was supposed [37] that the a-helical N-terminal domain of E.coli SertRNA synthetase is involved in tRNA binding: mutant with deletion of the majority of this domain had no aminoacylation activity.
The identity elements in tRNA"* and tRNA 5 " recognized by cognate aminoacyl-tRNA synthetases are partly known. If our hypothesis concerning the interaction of RF2 with two last peptidyl-tRNAs specific for Phe and Ser is correct then one may expect to find a common recognition element in the identity sets of tRNA 111 * and tRNA 5 ". In E.coli tRNA"* G10-C25 base panin D stem belongs to the recognition set [38] . On the other hand, Cl 1-G24 pair in D stem is common to all tRNA 8 " isoacceptors (E. coli) [39] . G-C pair is also present in the respective position' of tRNA 560 (E.coli), recognized by Ser-tRNA synthetase. However Cl 1 of tRNA 50 corresponds to G of tRNA^ and G24 of tRNA 5 " to C of tRNA 500 in the same positions [40] . Moreover, when tRNAj 1^" was converted by site-directed mutagenesis into amber-suppressor tRNA inserting Ser in response to UAG codon Ul 1-A24 was replaced by Cl 1-G24 pair [41] . Taken together, these data point to the possibility that RF2 is able to distinguish tRNA Ser/pt * by using part of the D stem (G-C pairs) as an 'discriminatory' element. Therefore we assume that homologous regions in RF2, Ser-and Phe-tRNA synthetases recognize similar region in the last peptidyl-tRNA 11 * 75 " in ribosomes or in tRNA"* or tRNA 5 " in cytoplasm, that is a part of the D stem.
If the interaction between RF2 and the last peptidyltRNA Phe/s " suggested in this work occurs during the termination on UGA codon, then it could be expected, that the suppression of UGA should be diminished by Ser/Phe codons upstream from UGA. However, contrary to this expectation, no variation of UGA suppression for Phe and Leu codons immediately upstream from UGA has been observed [13] . Nevertheless, RF2 could interact specifically with the last peptidyl-tRNA"* after binding of RF2 to ribosome and before the hydrolytic cleavage of the last peptidyl-tRNA. We suppose, that the specific interaction between RF2 and the last peptidyl-tRNA"* promotes the hydrolytic splitting of the peptidyl-tRNA and is not involved in competition between RF2 and suppressor tRNAs for the common binding region on the ribosome. Suppression may be not related to the efficiency of the termination reaction.
It is known [28, 35, 42, 43] that E.coli RF1 and RF2 share several regions of significant similarity. However, the RF2 region, homologous to both Phe-and Ser-tRNA synthetases has no similarity with any parts of RF1 (Table 4) . This is in agreement with our hypothesis concerning the specific interaction between peptidyl-tRNA"* 75 " and RF2 since RF1 is not involved in termination on UGA codon. Moreover, from immunochemical and cross-Unking data (reviewed in [3, 42, 43] it follows that RF2 is located in a close vicinity to the 70S ribosomal decoding site and therefore is situated nearly peptidyl-tRNA indicating once more the possibility of their interaction.
The most remarkable feature emerged from our 5' context analysis and the search for amino acid homologies among E. coli aminoacyl-tRNA synthetases and RFs is that we have revealed the significant prevalence of codons for two amino acids out of 20 amino acids immediately prior to the UGA stop codon namely for Phe and Ser, and, quite independently, we have found the common homologous region between RF2, Phe-and Ser-tRNA synthetases. It seems very unlikely, that this complete coincidence is fortuitous. We suggest, that a specific interaction between RF2 and the last peptidyl-tRNA 5 
"
71116 occur in the ribosome during the peptide chain termination. This suggestion is made for E.coli, but it seems to be applicable to other prokaryotes as well.
